Abstract-It is established that the physicochemical state of niobium pentoxide of various qualifications influences the properties of solid solutions of the binary system NaNbO3 -CuNb2O6. The article shows, that for practical purposes it is possible to use technical Nb2O5. Moreover, it shows that solid solutions with a relatively low dielectric constant, high sound speed and mechanical quality can be used as the basis of materials intended for operation in microwave devices.
I. INTRODUCTION Lead-free materials based on the well-known perovskite antiferroelectric, ASE, sodium niobate, NaNbO3, with nonisostructural compounds of the type ANb2O6 (A = Cu, Cd, Ca, Sr, Pb, Ba) remain attractive [1, 2] . Their demand is determined by the possibility of solid solutions formation, TR, in a wide range of concentrations of components, the existence of morphotropic regions, MO, with the implementation in their neighborhood of practically important ferroelectric, FE, properties that differ markedly in each of the systems, which determines the diversity of areas of their possible applications [3] . The results of studies of some ternary systems and more complex compositions based on sodium niobate with the participation of ANb2O6 compounds [4] showed that coppercontaining solid solutions were studied the least, although recently they have been the subject of close attention of researchers [5] who synthesized ternary systems using NaNbO3, KNbO3, CuNb2O6, which demonstrate very high mechanical and piezodielectric characteristics [6, [7] [8] [9] (Table  1) . Considering this, as well as the well-known fact of the critical dependence of niobate materials on the physicochemical state of the main raw material component involved in the synthesis of TP, niobium pentoxide, Nb2O5, [10] [11] [12] [13] [14] , we studied the synthesis and sintering of CuNb2O6 and one from the TP of the system (1-x) NaNbO3 -xCu0.5NbO3 (the formula of the copper-containing component is reduced to the perovskite form). Our studies show that Nb2O5 qualification "Nbo-pentium" is a more effective reagent for the synthesis of double copper niobate than Nb2O5 grade "pure". This is due to the high content of specific impurities in technical raw materials, which apparently increase the concentration of defects that perform the transport function during the synthesis, which leads to a significant increase in the rate of the heterogeneous reaction, its completeness and practical completeness after a single firing. Our studies show that the synthesis of the TP system is a complex multistage process, characterized by the competitive incorporation of Cu2 + into the A sublattice of the initial niobate with a perovskite-type structure; optimal firing temperatures were determined (Tsint. = (750 ÷ 1050) ºС) and it was shown that ceramics sintering takes place under the direct influence of Cu-containing liquid phases, LF, and the nature of their influence depends on the qualification of the used Nb2O5 and results in the case of technical reagent " Nbopentium ") for the implementation of dense and mechanically strong ceramic sinters, and in the case of high purity ("pure") -to frequent cracking and mechanical destruction of polycrystalline materials.
Our preliminary studies of other ten TPs with x ≤ 0.1625 showed that, indeed, large relative densities, ρоtn, are characteristic of samples prepared from Nb-O5 technical qualification " Nbo-pentium " (Table 2) , although, as can be seen from the table, Both cases are formed rather dense specs. This is largely due to the specificity of copper oxide, which is able to sharply lower the melting point, Tm, with loss of oxygen. Fig . 1 shows the phase diagram of the Cu -O system [16] . An analysis of it shows that in the case of a partial loss of oxygen, which is unavoidable at the sintering temperature, the melting point of CuO1-δ oxide can drop to 1090 ºС. Considering in our experiment a high degree of heterogeneity of the reaction mixture, it is impossible to exclude the possibility of further lowering the temperature of formation of liquid phase with the participation of copper ions as a result of the formation of eutectic mixtures. Taking into account the known incompleteness of solid-phase reactions, when not the entire volume of the initial reagents is involved in the synthesis and, as a result, unreacted raw materials remain, the presence in the mixtures of a certain amount not included in the CuO structure, which is associated with the formation of LF.
They, having a cementing effect, lead to compaction of ceramic blanks. The fact that this effect is manifested to a greater extent in compositions using Nb2O5 "Nbo-pentium" is explained by the high content and variety of impurities in technical raw materials that perform as a transport function during mass transfer during the synthesis process, that is, they are essentially activators of diffusion processes, and the role of glass-forming phases, arising as a result of their interactions with each other and with the basic basis [17] . More detailed studies of the phase and grain state of TRs with their certification by dielectric methods would allow complementing previous studies and establishing the role of the thermodynamic history (acquisition conditions) in shaping the properties of objects, which was the subject of this work.
II. OBJECTS, OBTAINING METHODS AND TESTING SAMPLES
As the objects of study, the TP of the binary system (1-x) NaNbO3 -xCu0.5NbO3 was selected where x = 0.050 ÷ 0.1625. For the synthesis, sodium bicarbonate and copper oxide of grades not lower than "chd", as well as Nb2O5 grades "Nbopentium" and "secondary" were used. All ceramics were obtained by solid-phase reactions from previously synthesized NaNbO3 and CuNb2O6. Sodium niobate was synthesized at T1 = 850 ºС, T2 = 870 ºС, τ1 = τ2 = 6 hours; CuNb2O6 -T1 = T2 = 900 ºC, τ1 = τ2 = 5 hours. TP of the final composition was synthesized in one stage. The temperature of the synthesis was selected in the range of Tsint. = (750 -1050) ºС. The synthesis time is 5 hours. Sintering of ceramics was carried out at Tsp = (1050 -1130) ºС for 2 hours, depending on the composition.
The phase composition and completeness of the synthesis were checked radiographically. Precision X-ray diffraction
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studies were performed on comminuted ceramic sinters using X-ray powder diffraction on a DRON-3 diffractometer with filtered CoKα radiation (Bragg-Brentano focusing). The content of the impurity phases was estimated using the relative intensities of the strong lines corresponding to them, I / I1, where I1 is the most intense line of the main perovskite phase on the radiograph.
The determination of the measured, ρism., sample density was carried out by the method of hydrostatic weighing in octane. Relative density, ρotn., Was calculated by the formula (ρism. / ρrad.) • 100%, where ρrad. -X-ray density, equal to 1.67 M / V (M is the molecular weight, V is the volume of the elementary cell of the investigated TR).
The microstructure of the ceramics was analyzed on a Hitachi TM-1000 electron microscope.
The relative dielectric constant, ε / ε0, and the dielectric loss tangent, tgδ, were measured in the temperature (30 ÷ 700) C and frequency, f, (25 ÷ 106) Hz ranges using an Agilent E4980A precision LCR meter.
III. EXPERIMENTAL RESULTS AND DISCUSSION
X-ray phase analysis showed that the use of "pure" and "Nbo-pentium" niobium oxide to obtain (1-x) NaNbO3 -x CuNb2O6 ceramic ceramics leads to different results. The following conclusions were made: -when using Nb2O5 -"pure" in the range of 0 <x≤0.075 a pure solid solution is formed, an increase in x leads to the appearance of foreign phases; using Nb2O5 -"Nbo-pentium", it was not possible to obtain a pure TR. In addition to the perovskite phase, the TPs contain the following compounds: CuNb2O6 with monoclinic, M, cell, CuNb2O6 with rhombic, P, cell, Na2Nb8O21 [and Na2.6CuNb11O30; -when using Nb2O5 -"pure" in the TP system, there is a phase transition from the P phase (monoclinic perovskite cell with double parameter b -M2) to the tetragonal, T, phase through a complex MO. The composition of MO is not possible to establish due to very close cell parameters of its phases, which leads to the imposition of x-ray lines. This can be a mixture of M-and rhombohedral, Re, phases, so the phase in the MO is called pseudo-cubic, Psk. The lower boundary of MO is located in the interval 0.05 <x <0.0625, the upper one is not established due to the appearance of foreign phases, as a result of which the true concentration of the components does not correspond to the given stoichiometry. Presumably, the sequence of phases in the phase transition in the studied concentration range is as follows: М2 → М2 + Рe → Рe → Рe + Т; in TP with the participation of Nb2O5 -"Nbo-pentium", the concentration of extraneous phases changes nonmonotonically with increasing x, while the concentration of components of the TP also distorts non-monotonously. Therefore, there is no sequence in the phase change with different symmetry with increasing x; -the density of ceramics is not affected by the qualification of Nb2O5, only the x value affects: the more CuNb2O6 in the TP, the lower the density. 50 µm 50 µm Fig. 2 . Fragments of the microstructure of NaNbO3 ceramics prepared from Nb2O5 "pure" qualifications (on the left) and "Nbo-pentium" (on the right)
Figures 2-6 shows fragments of NaNbO3 ceramics microstructures, (1-x) NaNbO3 -xCu0.5NbO6 (x = 0.05; x = 0.1625) prepared from niobium pentoxide of "Nbo-pentium" and pure qualifications. An analysis of micrographs showed that in all cases, the transition from technical to high purity raw materials led to a sharp increase in the average grain size (from 1.5-2.5 µm to 5.0-7.5 µm in NaNbO3, Fig. 3) . Saturation of the system with copper niobate contributed to the strengthening of intergranular boundaries ( the cleavage of NaNbO3 ceramics "passes" along the grain boundaries, Fig. 2 . While in Cu-containing samples -mostly grain, Fig. 5, 6 ). TR with a high content of copper is characterized by a bimodal grain structure with giant grains and their rather dense conglomerates, in intercrystalline spaces of which a finegrained loose structure is formed, often with a radial-circular grid of boundaries (highlighted in Fig. 6 by dashed circles). The observed may be the consequence of a large amount of LF in technical Nb2O5 (significantly higher than their concentration in Nb2O5 "pure"), which no longer favors mass transfer, as is usually the case in diffusion phenomena involving such phases, but blocks the recrystallization process, preventing the grain from growing.
We observed the same in ceramics (Na, Li) NbO3 prepared from fluoride-free Nb2O5 "Nbo-pentium" and "pure". The enrichment of the CuNb2O6 system in accordance with the foregoing contributes to an increase in the amount of LF in the mixtures, which leads to the "cementing" of the grain structure and, as a consequence, its hardening. Yet with a sufficiently high content of CuNb2O6, the "precipitation" of impurities (see the results of X-ray studies) leads to the separation of the structure not only at the level of the phase composition, but also of the grain structure of ceramics (Fig. 5 ). Fig. 8 shows the dependences of the relative dielectric permittivity, ε / ε0, and the tangent of the dielectric loss angle, tgδ, on temperature of varying different frequencies, f, of the variable measuring electric field TR with different contents of CuNb2O6.
The dependence of ε / ε0 on temperature with a pronounced maximum at the Curie temperature, Tk, characteristic of ferro (antiferro) electrics, has a number of features associated with the evolution of dielectric spectra
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during the enrichment of the system with copper niobate. Thus, the almost λ-shaped peak ε / ε0 in NaNbO3 is gradually blurred with the formation of plateau-like sections at the maximum ε / ε0. The peak value ε / ε0 itself increases sharply as the system contains the Cu-containing component. The dispersion of ε / ε0 above Tk, which is also characteristic of pure NaNbO3, is preserved and enhanced in the TP. At the same time, in NaNbO3 in the frequency range (25 ÷ • 106) Hz, after a small decrease after Tk ε / ε0, it rapidly increases, starting with temperatures, Тi, the larger, the higher the frequency, f, of the electric measuring field, and in the higher frequencies the effect of increasing ε / ε0 is completely absent. In TP, the increase in ε / ε0 in the high-temperature region after Tk (decreasing with an increase in the content of CuNb2O6) begins after the plateau-shaped region, which narrows with decreasing f. The maximum ε / ε0 in the TP with x ≤ 0.05 is frequency independent, and for x> 0.05 (see, for example, Fig. 8 with x = 0.0625) it depends on the frequency, moving towards higher temperatures as f increases. In the low and high-temperature areas, the dispersion of ε / ε0 is significant. Not fundamentally different from the dielectric spectra of solid solutions from technical raw materials, the dependences ε / ε0 (T) / f are clearer with less dispersion to the left and right of Tk.
The observed effects of the low-frequency dispersion of the dielectric permittivity of the studied TPs are characteristic of substances in which the dependence of ε / ε0 on frequency is not related (or almost not related) to polarization, but is caused by the effect of electrical conductivity on ε / ε0 and tgδ due to the presence of impurities or defects. In the literature, it is noted that at ~ 450 ºC in Nb2O5 the electrical resistance sharply decreases, due to the restoration of niobium to the 4th valence state, and this process continues to at least 740 ºС. In our case, it is at a temperature close to the above that a rapid growth of ε / ε0 and tgδ begins at low frequencies. We observed similar effects in other niobate materials [18] [19] . Fig. 8 shows the dependences of the relative dielectric constant, ε / ε0, and the dielectric loss tangent, tgδ, on temperature (f = 500 kHz) of unpolarized TP samples of the system under study prepared from Nb2O5 of different qualifications in the heating-cooling mode. The differences in the curves presented are clearly visible: lower, diffuse maxima of ε / ε0 and a higher temperature hysteresis below Tc in the TP from technical raw materials, which is undoubtedly due to a defective situation in these objects. Attention is drawn to the fact of the formation of a strong temperature hysteresis in the paraelectric area of the solid solution with a high content of copper niobate.
In tab. 3-5 shows the dielectric, piezoelectric and elastic characteristics of the studied TR. The reason for this may be the extreme heterogeneity of the microstructure of such ceramics (Fig. 6) , which leads to the formation of mechanical stresses and their release during successive cycles of heating and cooling of the samples; the appearance of internal electric fields of defects at the boundaries of inhomogeneities; screening by free charge carriers of FE clusters [20] . In addition, as noted in [20] , the increased electrical conductivity of ceramics has an undoubted effect on the temperature hysteresis: the free charge carriers appearing in this process shield the domains, preventing their reorientations. IV. CONCLUSION AND FINDINGS. It is established that the physicochemical state of niobium pentoxide of various qualifications influences the properties of solid solutions of the binary system NaNbO3 -CuNb2O6. The article shows, that for practical purposes it is possible to use technical grades Nb2O5.
Solid solutions with a relatively low dielectric constant, high speed of sound and mechanical quality can be used as the basis of materials intended for operation in microwave devices.
